Varying the substrate temperature T s from 285 to 353 K, both the aggregation behavior of Ag atoms and the preferred structures of the atomic Ag islands on silicone oil surfaces are investigated. After deposition, the deposited Ag atoms form isolated islands with a preferred height. Our observations reveal that, as T s increases, the preferred island height increases from 20.0 to 33.0 nm, which results in the decrease of the Ag apparent coverage, from 9.6 ± 0.1% to 6.5 ± 0.3%. Further, the crystal structure of the Ag islands changes from amorphous to polycrystalline as the substrate temperature T s goes up. Subsequently a 3D aggregation mechanism of the Ag atoms on the liquid substrates is proposed.
Introduction
Studies on the growth mode of metallic islands have attracted much interest, since it mirrors the atomic process in the early stages of thin-film growth. To date, there have been three known modes reported for epitaxial thin-film systems: layer-by-layer (2D) growth [1] , island growth (3D) [2] , and layer-by-layer plus island growth (the SK growth mode) [3] . A number of studies reveal that the layer-by-layer growth usually needs a certain mobility of the adatoms [4] , since the adatoms need to cross the so-called Ehrlich-Schwoebel (ES) barrier in order to diffuse to the lower layer [5] [6] [7] . If a system has large lattice mismatch or large interfacial energy, then the SK growth mode is achieved, since the layer-by-layer growth leads to large internal stress in the film, which is subsequently relaxed by forming isolated islands or misfit dislocations on the film surface [8] .
Much effort has been devoted to understanding the role of the substrate temperature in thin-film growth. In the Pt/Pt(111) system, it is observed that as temperature is lowered, the growth mode changes first from 2D to 3D, then back to 2D at even lower temperature [4, 9, 10] . The first transition is explained by the loss of the adatom mobility at low temperature. The second transition is related to the disappearance of kink sites and the appearance of the triangular islands [11] . The finite-temperature molecular dynamics (MD) simulation presented by Pao et al has demonstrated that weak interfacial bonding results in the 3D growth of the islands [12] . This work also provides evidence that the island growth depends on the substrate temperature, since the interfacial bond strength relies strongly on the temperature.
Unlike the case for epitaxial thin-film systems, a liquid substrate (such as silicone oil or melted glass) provides a nonlattice and nearly free standing system, which has been proved by previous experimental and simulation studies [13] [14] [15] . In this characteristic system, it is found that the formation mechanism of the thin film obeys a two-stage growth mode which evolves the formation and the subsequent aggregation of the atomic granules [13] . Although the second stage has been well studied, focusing on the diffusion behavior of islands and the formation mechanism of the thin films, the detail of the atomistic mechanism happening in the first stage still remains unknown, which is a result of the complexity of the liquid substrate [13, [15] [16] [17] . On the other hand, Feng et al found that the substrate temperature plays an important role in the thin-film growth [18] . Therefore, in this paper, we study the preferred structures of the atomic Ag islands on silicone oil surfaces and explore the mechanism of formation of the islands in the first stage by varying the substrate temperature T s (or deposition temperature). The typical dependence between the substrate temperature and the surface coverage is investigated, and this is further supported by AFM and TEM observations, and then the physical picture of the aggregation behavior of the Ag atoms on the oil surface is presented.
The experimental method
Samples were prepared in a vacuum of 3.0 × 10 −4 Pa by a thermal evaporation method. Commercial silicone oil (Dow Corning 705 Diffusion Pump Fluid) with a vapor pressure below 10 −8 Pa was painted onto a frosted glass surface, which was fixed on an oven used to produce a temperature range from 283 to 353 K. The resulting oil substrate with an area about 8.0 × 10.0 mm 2 had a uniform thickness of ≈0.5 mm. Pure Ag wires (99.999%) were hung on the filament (tungsten) as the evaporation source, which was 135 mm above the substrate surface. The deposition rate was fixed at f = 0.02 nm s −1 and the nominal film thickness was d = 2.0 nm, which was determined using a quartz-crystal balance (CRTM 8000) and calibrated by an atomic force microscope (AFM, Veeco DI3000).
After deposition, the samples were cooled to room temperature (280 K) (in vacuum conditions) and kept in the evaporation chamber for the time period t = 0.5 h. An optical microscope (Leica DMLM) was used to take images of the Ag atomic islands after the samples were removed from the vacuum chamber. For each sample, we took more than seven images in homogeneous regions of the sample surface, and then a computer program was used to calculate and average the apparent Ag coverage of the total area, namely ρ, of the images. Errors caused by optical imaging were carefully calculated and added into the error bars to make the results reliable.
After optical imaging, the Ag islands were separated from the oil surface, and then washed carefully with acetone and ethanol [19] . After that, measurements were taken immediately for the as prepared samples: an atomic force microscope (AFM, Veeco DI3000, tapping mode) was used to measure the surface morphology of the Ag islands; and a high-resolution transmission electron microscope (HRTEM, JEM-2010) was used to characterize the crystal structure and the island microstructure.
Results and discussion
Figures 1(a) and (b) present typical optical images of the Ag islands on the oil surfaces with substrate temperature T s equal to 285 K and 333 K, respectively. Both ramified and compact islands with width of the order of 10 2 nm are clearly observed, which is in agreement with the previous findings [13] . The apparent Ag coverages in figures 1(a) and (b) are 9.6 ± 0.1% and 6.5 ± 0.3%. Further, our measurement shows that the island number density N decreases from 2.7(±0.3) × 10 −2 µm −2 (see figure 1(a)) to 1.8(±0.4) × 10 −2 µm −2 ( figure 1(b) ).
Previous work has demonstrated that the two-dimensional mean square displacement of the metallic island on the liquid surface in time interval t can be denoted by r 2 = 4kT s F −1 t, where k is the Boltzmann constant and F denotes the friction coefficient [13] . Considering an island with a constant size, the mean square displacement increases linearly with the substrate temperature T s . During the deposition process, as T s goes up from 285 to 333 K, the preformed island may gain more kinetic energy and have larger diffusion coefficient. Therefore, the possibility of coalescence among the islands may also increase, resulting in a decrease of the island number density.
The dependence between ρ and T s is shown in figure 2. One can see that the surface coverage ρ decreases sharply from 9.6 ± 0.1% to 7.2 ± 0.4% as the temperature increases from 285 to 303 K, and then approaches a saturation value of 6.5 ± 0.3% on further increasing the substrate temperature. Therefore, it can be estimated that the average number of atomic layers in the islands increases from about 50 to 75 layers. This estimation gives a possible formation mechanism for the Ag islands in our system: the Ag atom tendency to aggregate into the 3D mode is responsible for the phenomenon shown in figure 2.
To acquire atomic evidence for the aggregation behavior of the Ag atoms proposed above, several AFM experiments were performed. 333 K, respectively. It is found that the connecting of the quasi-circular granules forms the islands, which is basically in agreement with the previous results [19] . By analyzing the AFM images shown in figures 3(a) and (b), we obtained corresponding island height distributions, as shown in figures 3(c) and (d), respectively. The peak value corresponding to the preferred island height H increases from 20.0 to 33.0 nm with increase of the substrate temperature. Meanwhile, our measurements show that the distributions of the diameter of the granules in figures 3(a) and (b) can be roughly fitted with the Gaussian distribution, and the mean diameters g are 42.0 ± 6.0 and 45.0 ± 4.0 nm, respectively. By analyzing the surface roughness, we obtained the mean square roughness (rms) values of 3.6 and 6.9 nm for the images shown in figures 3(a) and (b), respectively. It should be noted that each AFM experiment was repeated several times in order to make the results reliable.
On the basis of the above results, the situation for the granules on the liquid surface can be schematically presented in figure 4(a) , and the formation of the single granule may be interpreted in terms of the change of the total system energy
where the first term is the free energy decrement resulting from the process of condensation of the Ag atoms from vapor to solid. The second term represents the energy of the interface between the granule surface and the substrate, and the last term denotes the energy of the surface between the granule surface and the vacuum. r, θ and correspond to the curvature radius of the granule, the wetting angle and the volume of the Ag atoms, respectively. In figure 4(a) , α, α and α denote the surface tension of the granule upper surface, the substrate surface and the granule-substrate interface, respectively. If the system reaches thermodynamic equilibrium, they satisfy Young's equation α cos θ = α − α . Therefore, equation (1) can be rewritten as
To minimize the total energy, equation (2) should satisfy
and then equation (3) finally yields
Equation (4) requires the wetting angle to be θ = 0 or π . When θ = 0, thin-film growth tends to obey the layer-by-layer growth mode. In contrast, in a system with weak interfacial bonding or large lattice mismatch between the island and the substrate, usually the wetting angle θ = π and the shape of the granule approaches a sphere. From figure 4(b) one can conclude that the shape of the granules is similar to a plateau. As T s goes up, the granule has a clear tendency to become a sphere (see figure 4(c) ). If the granule height approximately equals that of the islands, the wetting angle between the granules and the substrates can be calculated as θ = 2arctan(2H/ g ) [12] according to the mode shown in figure 4(a) . The average wetting angles of the granules shown in figures 3(a) and (b) are 88 • ± 8 • and 110 • ± 6 • , respectively. Comparing the value obtained for the wetting angle with the simulation results in [12] indicates that the film-oil system exhibits weak interfacial bonding and the interaction between the liquid substrate and the Ag atoms or islands is weakened with increasing substrate temperature. In other words, the energy of adhesion between the island and the oil surface is reduced, which is similar to the case for a Ag/Fe 3 O 4 sputtering system [20] . To minimize the total free energy, the Ag atoms tend to aggregate into 3D islands, leading to the increase of the island preferred height (see figures 3(c) and (d)) and the surface roughness, and finally the coverage decay phenomenon shown in figure 2 .
The theoretical discussion is mainly based on the thermodynamic equilibrium of the islands. Kinetically, the AFM observation discussed above seems quite unexpected, comparing with the case in epitaxial thin-film systems in which higher substrate temperature usually leads to relatively flat islands [4, 9] . The anomaly may be a result of the liquid substrate effect. It is proposed that the step-up diffusion process of the atoms may mainly dominate the shape of the islands. In our experiment, it can be concluded from figure 2 that most of the deposition atoms land directly on the oil surface due to the low apparent coverage of the islands (<10%). Since the adsorption energy of the atoms on the oil surface is low, step-up diffusion of the atoms from oil surface to island surface may occur. As the substrate temperature T s goes up, the rate of diffusion of the deposition atoms is increased and the step-up diffusion process is enhanced, which results in an increase of the island height and thus a shape transition of granules from plateau to spherical.
If the kinetic process of the island formation is correct, we expect crystal grains to be observed with high substrate temperature T s , due to the nucleation of the landing atoms on the island surface. From figures 5(a) and (b) it is observed that the Ag islands exhibit amorphous structure when T s = 285 K. As the temperature goes up to 303 K, crystal grains with relatively heterogeneous size distribution and clear diffraction rings appear, indicating that the islands exhibit polycrystalline structure (see the inset of figure 5(c) ). As T s further increases to 333 K, some diffraction spots appear and superimpose on the diffraction rings (see the inset of figure 5(d) ), implying better crystallinity at higher temperature. Further, the crystal grains become more circular and have a relatively homogeneous size distribution.
The amorphous structure of the islands results from the liquid substrate effect, since it may introduce large number of impurities (oil molecules) to the islands. As the substrate temperature T s increases, according to the above proposal, some landing atoms may nucleate directly on the island surface, resulting in a polycrystalline structure of the islands. Meanwhile, the atoms gain more kinetic energy and may occupy energy favorable sites, and then the impurities may obviously be eliminated, resulting in the formation of crystal grains with a relatively homogeneous size distribution. In this case, the atoms in the island may be in a highly ordered arrangement, and then higher crystallinity of the islands is observed (see figure 5(d) ).
In order to obtain quantitative insight, we measured the diameter of the crystal grains. In figure 6 , it is found that both the diameter distributions of the crystal grains shown in figures 5(c) and (d) roughly fit the Gaussian distribution, and the mean diameter c takes the values 12.80 ±1.20 nm and 6.50 ± 0.40 nm, respectively. Unfortunately, the detailed observation of these small sized grains is beyond the limitations of our AFM measurement (tip curvature 10.0 nm). It is quite unexpected that the mean grain size decreases with substrate temperature, since increasing the substrate temperature usually leads to the formation of grains with bigger size in previous reports [21] . In this paper, a possibility is proposed. The high-resolution image in figure 5(c) demonstrates that the edge of some grains is still not well crystallized (with amorphous shell thickness less than 1.0 nm) and some grains have several orientations, although the boundaries are not very clear. Therefore, it is reasonable to consider that parts of the grains shown in figure 5(c) may be composed of several grains. As the substrate temperature goes up, the boundaries among the grains become clear, which finally leads to the observation of grains with relatively homogeneous size distribution, as shown in figure 6 (a).
Conclusions
In this paper, both the aggregation behavior of Ag atoms and the preferred structures of the atomic Ag islands on silicone oil surfaces have been successfully investigated by simply varying the substrate temperature from 285 to 353 K. As the substrate temperature T s goes up, the optical imaging reveals that the surface coverage ρ decreases from 9.6 ± 0.1% to 6.5 ± 0.3%, implying evolution of the Ag atom aggregation behavior. AFM measurements reveal that the Ag islands are composed of granules with a mean diameter around 40.0 nm, which is approximately independent of T s . By measuring the height distribution of the AFM images, it is found that the preferred island height increases from 20.0 to 33.0 nm as T s goes up, indicating a shape transition of the granules from plateau to sphere, and then further offering atomic evidence for 3D aggregation behavior of the Ag atoms. The analysis, based on the thermodynamic equilibrium, shows that the granule shape is determined by the balance between the free energy decrement from the process of condensation of Ag atoms from vapor to solid and the surface energy increment from forming new interfaces. Meanwhile, the TEM observation demonstrates that the Ag islands exhibit amorphous structure when T s = 285 K, which is attributed to the existence of the impurities resulting from the liquid substrate effect. As the substrate temperature goes up, the microstructure of the islands turns polycrystalline, and crystal grains with relatively heterogeneous diameter distribution appear. When T s further increases to 333 K, relatively homogeneously sized crystal grains with the mean diameter 6.5 ± 0.4 nm are observed. This crystallization process gives solid evidence for the kinetic process in which the diffuse-up process is enhanced for high T s happening in our system.
To the best of the authors' knowledge, due to the strong interaction between the adatoms and the substrate, the growth mode transition in epitaxial thin-film systems always needs relatively low or high temperature [4] . However, in the liquid substrate system, our experiment shows that the evolution of the island growth mode can be observed even at ambient temperature (285-353 K). We believe that this characteristic feature may have potential application in temperature sensors, since the growth mode of the islands in our system is sensitive to the deposition temperature. Moreover, because of the symmetry of the substrate in the epitaxial thin-film system, the formation of amorphous structure is also difficult. Again, it is easy to fabricate amorphous islands on a silicone oil surface by simply reducing the temperature to 285 K, without any special treatments such as ion irradiation [22] . Such amorphous islands may also be useful in the manufacture of electrical and optical devices.
